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Abstract 

A simple relation Upmns — ^ckm^tb between the lepton and quark mixing matrices 
(UpMNS and Vckm) is speculated under an ansatz that Upmns becomes an exact tribi- 
maximal mixing Utb in a limit Vckm — 1- By using the observed CKM mixing parameters, 



^ ■ 2 

possible values of neutrino oscillation parameters are estimated: sin ^13 — 0.024 — 0.028, 
ji^, sin'^ 26*23 — 0.94 — 0.95 and tan^ 612 = 0.24 — 1.00 depending on phase conventions of Utb- 

O I Those values are testable soon by precision measurements in neutrino oscillation experiments. 

^ ! 1 Introduction 

, Recently, there has been considerable interest in the magnitude of the neutrino mixing angle 

. 613 (fg <-> i^T mixing angle), because it is a key value not only for checking neutrino mass matrix 

(<~^ , models, but also for searching CP-violation effects in the lepton sector. (For a review of models 

QQ . for 013, see, for example, Ref.[l].) Recent observed neutrino oscillation data are in favor of the 

. so-called "tribimaximal mixing" [2] which predicts ^13 = 0, tan^ ^12 = 1/2 and sin^ 2^23 = Ij 

O ■ since the present data yield the values tan^ 6*12 = 0.47]':o;o5 [3j and sin^ 2^23 = l-00_o.i3 [1]. 

If the angle ^13 is exactly zero or negligibly small, the observation of the CP-violation effects 
^ ■ in the lepton sector will be hopeless even in future, as far as neutrino oscillation experiments 

■ are concerned. On the other hand, recently, Fogli et al. [5j have reported a sizable value 

sin^ ^13 = 0.016 lb 0.010 (Icr) from a global analysis of neutrino oscillation data. 
The tribimaximal lepton mixing is given by the form 
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Such a form with beautiful coefficients seems to be understood from a discrete symmetry of 
flavors [2]. In contrast to the lepton mixing matrix (Pontecorvo-Maki-Nakagawa-Sakata mixing 
matrix [6]) Upmns^ the observed Cabibbo-Kobayashi-Maskawa [7j (CKM) quark mixing matrix 
Vckm seems to have no beautiful form with Clebsch-Gordan-like coefficients, and Vckm-, rather, 
looks like nearly Vckm — 1- It is unlikely that a theory which exactly leads to the tribimaximal 
mixing (1) simultaneously gives the CKM mixing matrix with small and complicated mixing 
values. Therefore, it is interesting to consider a specific case that a theory of flavor symmetry 



gives VcKM = 1 in the limit of Upmns = Utb- We consider that the observed form of the CKM 
matrix Vckm is due to some additional effects (e.g. symmetry breaking effects for the flavor 
symmetry). If this is true, then, the observed lepton mixing Upmns will also deviate from the 
exact tribimaximal mixing Upmns = Utb by additional effects which gives the deviation from 
Vckm = 1- (Also see, e.g., Ref.[8j for a possible deviation of Upmns from a bimaximal mixing 
(not tribimaximal mixing) related to Vckm-) 

Recently, Datta [9] has investigated possible flavor changing neutral current processes using 
the same assumption that Vckm = 1 and Upmns = t^TB in a flavor symmetry limit. By using 
a specific mass matrix model, he have discussed realistic mixings Vckm and Upmns caused by a 
small breaking of the flavor symmetry. Also, Plentinger and Rodejohann [10] have investigated 
possible deviations from tribimaximal mixing by assuming a special form of the neutrino mass 
matrix. Furthermore, there are many works which discuss specific mass matrix models from 
the point of the so-called "quark-lepton-complementarity" [11]. In this paper, however, we start 
only from putting a simple ansatz stated later (in Eqs.(9) and (10)), without referring to any 
mass matrix model explicitly. 

For convenience of later discussions, we define the tribimaximal mixing by a form 

Utb = PIU^bPr, (2) 

where 

Pl = diag(e*"i,e^"2,e*°3), 

by including freedom of the phase convention, although the tribimaximal mixing is conventionally 
expressed by the form (1). The purpose of the present paper is to speculate a possible form of 
the lepton mixing matrix Upmns under the ansatz Vckm = 'i- Upmns = Utb- We show, as 
stated later, that a natural realization of this ansatz leads to a simple relation 

UpMNS = Vq^j^^UtB- (4) 

By using the observed CKM mixing parameters, we estimate values of the neutrino oscillation 
parameters sin^ ^13, tan^ O12 and sin^ 2^23, which are defined by 



(3) 



sin^ On = \ {UpMNs)id,? , 

tan 9i2^\{UpMNs)l2/{UpMNs)ll\ , (5) 
sin^ 26123 = M{UPMNS)23\'^\{UPMNS)33\'^- 



First, let us give conventions of the mass matrices: the quark and charged lepton mass 
matrices Mj (/ = u, d, e) are defined by the mass terms f^Mffji, so that those are diagonalized 
as 

Uj^MfUfp = Df = diag{m fi, m f 2, ruf 3), (6) 

and the neutrino (Majorana) mass matrix Mi, is defined by T'lM^i'I, so that it is diagonalized 
as 

ul^M^Uli^ = Dy = d\&g{'myi,my2-,mu3)- (7) 



Therefore, the quaxk and lepton mixing matrices, Vckm and UpmnSi are given by 

VCKM = UljJdL, UpMNS = Ul^U.L, (8) 

respectively. Hereafter, we refer to a flavor basis on which the mass matrix Mf is diagonal 
(i.e. Df) as "/-basis". For example, in the tx-basis, up-quark, down-quark, charged-lepton and 
neutrino mass matrices are given by = uI^MJI^r, M^"^ = ul^MdU^R, iwi"^ = uI^M^UuR 
and M^"^ = uli^M^Ul^, respectively. 

2 Ansatz and speculation 

Let us mention an ansatz which leads to the relation (4). We put the following ansatz: 
In the limit of UdL 1, the matrix UeL also becomes a unit matrix 1, while the matrix U,y 

becomes the exact tribimaximal mixing Utb in the limit of UuL ^1- In other words, in the 
■u-basis, the neutrino mass matrix mI)^^ = U^^j^Mi^U^j^ is diagonalized by the exact tribimaximal 
mixing matrix Utb-, i-e. 

4sMWi7^5 = L>,. (9) 

Here, we have supposed that, in a symmetry limit, i.e. when an origin which causes Vckm 7^ 1 
is switched off, the physical mass matrices Mf become the diagonal forms Df, while the neutrino 
mass matrix Mjy becomes a specific form defined by (9): 

(M„, Md-, Me, M,) ^ (L>„, Da; D^, UtbDMtb)- (10) 

In other words, we consider that a common origin in the down sector causes M^ and 

De Mf,, and a common origin in the up sector causes Dy, —>■ M„ and UtbD^U^^ — > M^. Of 
course, this transformation (10) can not be realized by a flavor-basis transformation, because 
Mf and Df are connected by Eqs.(6) and (7). It is well-known that physics at a low-energy is 
unchanged under any flavor-basis transformation. 

The ansatz (9) states that the mixing matrix U,^l in the neutrino sector, which is defined 
by UI^M^U*L = D^, is given by 

U,L = UulUtb, (11) 

because D^ = u\,^Mlr'U^jj = u\,^{ul^M„Ulj)U^jj. Therefore, the observed lept on mixing 
matrix Upmns is given by 

UpMNS = UIJJ.l = UI^UulUtB = UedV^KMUTB, (12) 

where U^d is a flavor-basis transformation matrix defined by 

Ued = ul^UdL. (13) 

(The relation (12) is also derived by using relations = Utb and = Ulj^UeL in the 
«-basis as Upmns = uj^^'^'ul^ = uI^UulUtb = UedVcKM^TB-) According to this notation, 
the CKM mixing matrix Vckm is expressed as Vckm = Uud- Since Ued = UteUud = uleVcKM, 
if we consider Uue = 1 , we obtain Ued = Vck m , so that we will obtain Upm ns = Ut b from the 
relation (11). However, such a case Ueu = 1 is unlikely under our ansatz UeL ^ 1 in the limit 
of UdL — ^ 1- Generally speaking, Uue can vary from Uue = 1 to Uue = Vckm, so that Ued varies 



from Ued = VcKM to Ued = 1 and Eq.(12) varies from Upmns = Utb to Upmns = ^ckm^tb- 
(Here, we have considered that Uue does, at least, not take a large mixing more than Vckm and 
a rotation to an opposite direction, V^^j\,/-) Therefore, we can consider that the relation (4) 
describes a maximal deviation of Upmns from Utb- In spite of such a general consideration, 
we think that the case Ued = 1 (or highly U^d — 1) is a most natural realization of our ansatz 
(10), because it means UeL ^ 1 in the limit UdL 1- Therefore, in this paper, we adopt the 
case Ued = 1) and investigate possible numerical values of the neutrino oscillation parameters 
sin^ ^13, tan^ 9i2 and sin^ 2^23 under the relation (4). 

By the way, we are also interested in whether those values are dependent on the phase 
parameters and 7^ defined in Eq.(3). The relation (12) is invariant under the rephasing 
UfL UfLPf if = u,d,e) because of Vckm Pu^CKMPd, Upmns PeUpMNS, Ued 
PeUedPd and Utb Pu^tb under the rephasing (note that U^l does not have such a freedom 
of rephasing). Therefore, the phase matrices Pl and Pp originate in the mass matrix M^^'' as 
shown in Eq.(9). Then, Eq.(9) can be rewritten as 

{U%rW^U% = D,Pl (14) 

where 

mI^^ = PlM^^^^Pl. (15) 

Since the matrix Uj>^ is orthogonal, the mass matrix mI)^^ has to be real. In other words, 

(u) (u) 

the phase matrix Pl is determined from the form so that is real. On the other 

hand, the phase matrix Pp is fixed so that DyP^ is real. Then, we find that the numerical 
results for \{UpMNs)ij\ are independent of the phases 7^ in Pp, because Upmns is expressed by 
UpMNS = Up'ITns-^Ri ^° ^^^^ the quantities \{UpMNs)ij\ = \{^pfTNs)ij^^^^\ ^'■^ independent 
of the phase parameters 7^ . The results are only dependent on the phase parameters ai in Pp . 
Hereafter, for simplicity, we put Pp = 1. 

Let us show that the neutrino oscillation parameters sin^ ^13 and sin^ 2^23 are only depen- 
dent on a relative phase parameter a = 03 — 0:2- Since {UpMNs)i3 is expressed as 



(UpMNsh = Y.^VcKM)l,e-''"'iU^B)k3 = ^ [" (Vci^M)2.e-*"^ + (^™)^.e— 3] , (16) 



the values \{UpMNs)i3\ are dependent only on the parameter a. We illustrate the behaviors of 
sin^ ^13 and sin^ 2^23 versus a in Fig.l and Fig. 2, respectively. Here, for numerical evaluation, we 
have used the Wolfenstein parameterization [12] of Vckm and the best-fit values [13] A = 0.2272, 
A = 0.818, p = 0.221 and f] = 0.340. We find that the values sin^ ^13 and sin^ 2^23 are almost 
insensitive to the value a, and those take sin^ ^13 = 0.024 — 0.028 and sin^ 2^23 = 0.94 — 0.95. 
Those values are consistent with the present experimental data. As shown in Fig.l, if we take 
the result sin^ ^13 = 0.016 ± 0.010 (Icr) obtained from a global analysis of neutrino oscillation 
data by Fogli et al. [5], we can obtain allowed bounds for a. The sizable value sin^ ^13 is within 
a reach of forthcoming neutrino experiments planning by Double Chooz, Daya Bay, RENO, 
OPERA, and so on. The value sin^ 2^23 = 0.94 — 0.95 is consistent with the present observed 



value [4] sin^ 26*23 = l-OO-o.ia, and the predicted value will also be testable soon by precision 
measurements in solar and reactor neutrino experiments. 

Previously, Plentinger and Rodejohann |10j have predicted possible deviations from tribi- 
maximal mixing by assuming a specific form of the neutrino mass matrix and by assuming a 
CKM-like hierarchy of the mixing angles {6f2 = A, ^fa = ^A^, 9f^ = BX^) in the charged lepton 
sector. Furthermore, they have assumed the quark-lepton-complementarity (QLC) [11], and put 
an ad hoc relation = Oc (^c is the Cabibbo mixing angle). Then, they have obtained a 
relation 

\{UPMNS)13\ - -^\(ycKM)us\- (17) 

Their result (17) agrees with our result sin^ ^13 = 0.024 — 0.028, because 

\U{mns)i3\^ = \ \{ycLM)ld - {ycKMTtde-'^l' - ^ I (^c/^m)«s |' ^ 0.025, (18) 
from Eq.(16). 

On the other hand, for the value tan^^i2, there is no simple situation (one-parameter 
dependency). The values {Upmns)ii and {Upmns)i2 are given by 

{UpMNs)ii = ^ [^iVcKMrne-'"' - (l^ci^A/)2ie-'"^ - {VcKMTsie-""'] , (19) 



(20) 



so that the values \{Upmns)ii\ and |(f/pAfAr5)i2| depend not only on /3 = 02 — ai but also on 
Q = as — 02- However, since the observed CKM matrix parameters show 1 » \{VcKM)cd\'^ ^ 
\{ycKM)td\'^ , we can neglect the terms {Vckm)^!^'^"''^ compared with {VcKM)iie~^°'^ and 
{Vckm)2i^~^°'^ J so that the value tan^ ^12 approximately depends on only the parameter f3. 
We illustrate the behavior of tan^ 612 versus (3 = 02 — ai in Fig. 3, in which we take typical 
values of a such as a = and a = —2-k/2>. We can see that tan^ 612 is, in fact, insensitive to the 
parameter a. In contrast to the cases of sin^ ^13 and sin^2023, the value of tan^ ^12 are highly 
sensitive to the parameter (3 as shown by 

\{UPMNS)12\ - ^ [1 - \{yCKM)us\ COS /3] , (21) 

from Eq.(20). The similar result has been obtained by Plentinger and Rodejohann [lOj. The 
value of tan^ ^12 takes from 0.24 to 1.00 according to the variation in /3. In order to fit the 
observed value [3] tan^ 612 ^ 0.5, we must take [3 ~ ib7r/2. This will put a constraint on 
scenarios which give a tribimaximal mixing. 

Note that, from the relation (4), we can obtain a CP violating observable 

J^<P^-^\{VcKM)us\sm(3, (22) 



as well as in a model given in Ref.|10j. Therefore, if we require a maximal CP violation in the 
lepton sector, we obtain /3 ~ ib7r/2 as pointed out in Ref.[TO], which is compatible with the 
constraint from the observed value tan'^ — 0.5. [14J 

3 Summary 

In conclusion, under the ansatz ^^Upmns Utb in the limit of Vckm — > 1", we have 
speculated a simple relation Upmns = ^ckm^tb- We have not referred an explicit mechanism 
(model) which gives such a CKM mixing Vckm = 1 in the limit of Upmns = Utb- For example, 
a model |10j by Plentinger and Rodejohann is one of mass matrix models which explicitly realize 
our ansatz because they have put an ad hoc assumption sin6'f2 = s'mOc- A model [9] by Datta is 
also one of such models. However, such a model-building is not a purpose of the present paper. 
We have started our investigation by admitting the relation Upmns Utb SlS Vckm — > 1 as 
an ansatz. The relation Upmns = ^ckm^tb is widely valid for all models which are consistent 
with our ansatz. 

By using the observed CKM matrix parameters, we have estimated the lepton mixing 
parameters sin^ ^13, sin^ 2^23 and tan^ 612- The values of sin^ 2^23 and sin^ ^13 are almost inde- 
pendent of the phase convention, and they take values sin'^ ^13 = 0.024 — 0.028 and sin'^ 2^23 = 

0. 94 — 0.95. The sizable value of sin^ ^13 is within a reach of forthcoming neutrino experiments 
planning by Double Chooz, Daya Bay, RENO, OPERA, and so on. The value of sin^ 2^23 is 
also testable soon by precision measurements in solar and reactor neutrino experiments. On the 
other hand, the value of tan^ 612 has highly depended on the phase convention of the tribimax- 
imal mixing, and the value has been in a range 0.24 < tan^ ^12 < 1.00. Note that the phase 
matrix Pi cannot be absorbed into the rephasing of Vckm, although it seems to be possible 
from the expression (4). Since the present observed value of tan^ 612 is tan^ 612 — 0.5, the phase 
parameter /3 is constrained as /3 ~ 12. This put a strong constraint on models which lead to 
the exact tribimaximal mixing (2). The requirement of a maximal CP violation in the lepton 
sector is interestingly related to the observed value tan-^ B\2 — 0.5. 

If the predicted values sin^ 013 = 0.024 - 0.028 and sin^ 26^23 ~ 0.94 - 0.95 are denied by 
forthcoming neutrino oscillation experiments, it means a denial of the simple view that the 
lepton mixing Upmns becomes the exact tribimaximal mixing Utb in the limit of Vckm 

1. We will be compelled to consider that the view stated above is oversimplified and the 
situation of quark and lepton flavor mixings is more complicated. The observed values of neutrino 
oscillation parameters will provide us a promising clue to a possible structure of Ued, although we 
simply assumed U^d = 1 in the expression (12). This will shortly become clear by forthcoming 
experiments. 

Acknowledgments 

The authors would like to thank T. Kubota, M. Tanimoto, A. Datta and W. Rodejohann for 
giving useful information on references. The authors also thank W. Rodejohann for his comment 
on the CP violating phase /3. One of the authors (YK) is supported by the Grant-in-Aid for 
Scientific Research, Ministry of Education, Science and Culture, Japan (No. 18540284). 



References 



[1] A. S. Joshipura, arXiv: |hep-ph/0411154 ; C. H. Albright and M. C. Chen, Phys. Rev. D74 
(2006) 113006. 

[2] P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. Lett. B458 (1999) 79; Phys. Lett. 
B530 (2002) 167; Z.-z. Xing, Phys. Lett. B533 (2002) 85; P. F. Harrison and W. G. Scott, 
Phys. Lett. B535 (2003) 163; Phys. Lett. B557 (2003) 76; E. Ma, Phys. Rev. Lett. 90 
(2003) 221802; C. I. Low and R. R. Volkas, Phys. Rev. D68 (2003) 033007. 

[3] S. Abe, et ai, KamLAND coUaboration, Phys. Rev. Lett. 100 (2008) 221803. 

[4] D. G. Michael et al, MINOS collaboration, Phys. Rev. Lett. 97 (2006) 191801; J. Hosaka, 
et a/., Super-Kamiokande collaboration, Phys. Rev. D74 (2006) 032002. 

[5] G. Fogh, E. Lisi, A. Marrone, A. Palazzo and A. M. Rotunno. arXiv:0806.2649l [hep-ph]. 

[6] Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28 (1962) 870; B. Pontecorvo, 
Zh. Eksp. Theor. Fiz. 53 (1967) 1717; Sov. Phys. JETP 26 (1968) 984. 

[7] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531; M. Kobayashi and T. Maskawa, 
Prog. Theor. Phys. 49 (1973) 652. 

[8] C. Giunti and M. Tanimoto, Phys. Rev. D66 (2002) 053013. 

[9] A. Datta. [a?Xiv:0807.0795 l [hep-ph]. 

[10] F. Plentinger and W. Rodejohann, Phys. Lett. B625 (2005) 264. 

[11] M. Raidal, Phys. Rev. Lett. 93 (2004) 161801; H. Minakata and A. Y. Smirnov, Phys. Rev. 
D70 (2004) 073009; P. H. Frampton and R. N. Mohapatra, JHEP 0501 (2005) 025; J. Fer- 
randis and S. Pakvasa, Phys. Rev. D71 (2005) 033004; S. Antush, S. F. King and R. N. Mo- 
hapatra, Phys. Lett. B618 (2005) 150; S. K. Kang, C. S. Kim and J. Lee, Phys. Lett. B619 
(2005) 129; K. Cheung et ai, Phys. Rev. D72 (2005) 036003; A. Datta, L. Everett and 
P. Ramond, Phys. Lett. B620 (2005) 42. For recent developments, see, e.g. F. Plentinger 
and G. Seidl, Phys. Rev. D78 (2008) 045004. 

[12] L. Wolfenstein, Phys. Rev. Lett. 51 (1983) 1945. 

[13] Particle Data Group, J. Phys. G 33 (2006) 1. 



[14] W. Rodejohann, private communication. 



CD 




-50 50 

a (deg. ) 

Fig. 1 Behavior of sin^ ^13 versus a = 03 — 02- The horizontal dashed and dotted 
hnes denote the analysis sin^ 6*13 = 0.016 it 0.010 {la) by Fogh et al. [5]. 
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Fig. 2 Behavior of sin^ 2^23 versus a = 03 — 02- The predicted value is consistent 
with the observed data [4j sin^ 2^23 = l-00.-o.i3- 




